progressive change in habitat quality (e.g., successional
Many plant species have the capacity to produce change) can lead to extinction of a plant population. If seeds that remain dormant in the soil for several years seed banks exist, they can function to numerically reto several decades (e.g., Beal 1905 , Ohga 1923 , Crocker store these populations, individuals, and genes (see 1938 , Darlington and Steinbauer 196 1, Odum 1965 . Epling et al. [I9601 for a discussion of population staIn most habitats, ranging from the arctic to the tropics, bility, selection, and drift in a desert annual with a seed deserts to wetlands, and natural to cultivated lands, bank and De Stasio [I9891 for a discussion of predation investigators have found evidence for seed banks (e.g., and extinction in a copepod with an egg bank). Fox 1983 , Enright 1985 , Leck and Simpson 1987 The evolutionary and ecological effects of seed banks Graw 1987 , Cavers and Benoit 1989 , Leck et al. 1989 . are particularly important for plants with an annual Seed banks are thought to be ecologically and evolu-vegetative life cycle. In some annuals, seed banks protionarily important in the dynamics of plant popula-duce age structure in the adult population (Roberts and tions. Seed banks can function as reservoirs of genes Feast 1973 , Kalisz 1985 , Venable and Levin 1985 . and/or gene complexes. This means that seed persis-Because persistence in the seed bank results in delayed tence, the cany-over of viable seeds in the soil for reproduction for some of the individuals, there can be multiple years, can buffer the effects of local extinction an increase in generation time and overlapping of genof genotypes in the nondormant portion of the popu-erations. This change in generation time has the polation, and act to maintain genetic variation, during tential to alter population dynamics. Longer generation periods when seedlings d o not survive to become re-time slows both the rate of population increase when productive adults. Seed banks can also buffer a pop-the population is growing, and the rate of population ulation from extinction and preserve the representation decrease when a population is in decline (Lewontin of a plant species within a community. Several con-1965, Mertz 197 1, Caswell and Hastings 1980) . Nesecutive years of an environment deleterious to adult glecting seed bank dynamics in demographic models plant growth and reproduction owing to chance or a can lead to erroneous estimates of the intrinsic rate of increase of a population and of the stable age distri-' few empirical data that bear on this topic. The extent to which the persistence of seeds in seed banks influences population growth rates in nature is unknown. In contrast, the perceived importance of seed banks in the ecology and evolution of plant populations has risen in recent years due to the wealth of theoretical treatments of the topic (e.g., Cohen 1966 , 1967 , Templeton and Levin 1979 , Venable and Lawlor 1980 , MacDonald and Watkinson 198 1, Ellner 1985 , Brown and Venable 1986 . Despite the predicted effects of seed age structure on population dynamics by these models, actual measures of seed persistence probabilities within seed banks and the dynamics of emergence from these age-structured seed populations are few (see Roberts and Feast 1973) . The goals of this paper are to (1) document the age structure of the seed bank using experimental seed banks in a natural population of the winter annual Collinsia verna (Scrophulariaceae), (2) determine the extent to which spatial and temporal heterogeneity in the study site influence seed bank dynamics, and (3) present data on spatial and temporal variation in plant demographic dynamics. In this paper I define seed persistence as viable seeds in the soil that remain dormant during periods of time which are favorable for emergence.
The study species Collinsia verna ("blue-eyed Mary") is a winter annual that is restricted in its distribution to floodplain forests in the eastern half of the United States. It has a two-stage, age-structured life cycle. Individuals exist in either the seed or vegetative stage. Seeds sieved from soil cores taken in the study population (S. Kalisz, unpublished data) and the empirical field work described below (see Seed bank dynamlcs and Natural seed bank) indicate that a seed bank exists in the population. The age structure in the life cycle of C. verna is generated by the persistence of seeds in the seed bank only. Therefore, the age of an individual, seed, or adult, is determined by its duration in the seed bank. Seeds can persist and remain viable in the soil for at least 3 yr. Once an individual has passed from the seed to the adult stage, it is constrained by its annual habit to reproduce and die. Seeds are innately dormant at dispersal and require high temperatures to after-ripen (Baskin and Baskin 1983) . Sensitivity to after-ripening appears to be genetically or maternally controlled in this population. Field-collected sibships differ significantly in both their percent dormant seeds and in their date of emergence (S. Kalisz, unpublished data) . Germination is cued by the change in diurnal temperature fluctuations near the soil surface that takes place between summer and autumn (= 15"-25" day/6"-10°C night) (Baskin and Baskin 1983, Kalisz 1986) . Seedling emergence occurs between late September and early November. These plants overwinter. resume growth in the early spring, flower with the spring ephemeral flora, set seed, and senesce by the end of May. The seeds are passively dispersed from four-seeded, dehiscent capsules. Seeds remain dormant through the summer. Those seeds that survive to the following autumn either germinate and emerge, persist (enter the seed bank), or die.
The stud.v site
The research was conducted at the Raccoon Grove Forest Preserve of Will County, Illinois, USA, located -80 km south of Chicago. This site is a virgin floodplain forest, which flanks Sandy Creek, an intermittent stream, which floods periodically in the spring or autumn. Common woody species in the forest include Juglans nigra (black walnut), Celtis occidentalis (hackberry), C'lmus rubra (slippery elm), and Acer rubrum (red maple). The herbaceous species include Claytonia virg~nzca(spring beauty), Collinsia verna (blue-eyed Mary), Floerkia proserpinacoides (false mermaid), i l nemonella thalictroides (rue anemone), and various species of Trillium in the spring, and Laportea canadensis (wood nettle), Osmorhiza longistylis (licorice root), and Hydrophyllum maculatum (waterleaf) in the summer.
In June 1982, three 75-m transects were marked in the study site. These transects were chosen to span the range of environments in which C. verna was found.
Transects 1 and 2 were on the floodplain while transect 3 was more upland and did not flood in either year. Vegetation along all three transects was heterogeneous. Twenty-five 40 x 40 cm quadrats were permanently marked along each transect. The number of C . verna individuals per quadrat had a high variance but did not differ significantly among transects.
Seed bank d.vnamics
To accurately quantify the age structure of the seed bank, I created experimental seed banks in the field and monitored emergence, persistence, or death in the seed bank. Each year (on 8 June 1982 and 12 June 1983), C. verna seeds were collected from adult plants adjacent to each of the three transects. Seeds were inspected to include only round, filled seeds, and these were combined to produce a bulk seed sample for that year. (Previous work with this species indicated that such seeds are 98% viable.) Soil used in the experimental seed banks was also collected from the study population each year, transported to the laboratory, and autoclaved for 3 h to kill any existing seeds of C . verna. (Test seeds placed into the soil prior to autoclaving were all inviable after autoclaving when tested with tetrazolium blue stain.) The autoclaved soil was mixed to ensure soil uniformity over all the experimental seed banks. Experimental seed bank cages were constructed of fiberglass mesh window screen (1 -mm2 mesh s' ce) sewn with monofilament line to produce open-topped boxes (20 x 20 x 5 cm deep). This mesh size kept C. verna seeds inside, but permitted other environmental factors to affect the contents of the cages in a natural manner. Experimental seed banks were set up in the field in two consecutive years. Twelve experimental seed bank cages were embedded into the floodplain adjacent to each of the three transects, for a total of 36. Each cage was filled with the same volume of autoclaved soil. The cages were designed so that a 2 cm high edge of mesh protruded above the soil. This minimized the loss of seeds from the cages due to abiotic forces. The soil in the cages was allowed to equilibrate with the surrounding soil for 1 wk, then seeds were distributed evenly on the top of the soil in each cage. In 1982 125 seeds were added to each cage and 300 to each new cage in 1983 (Table 1) . Emergence from the seed banks was censused in the autumn of 1982, 1983, and 1984. Seeds can have one of three fates: emergence, persistence, or disappearance due to death or removal. To determine the number of seeds that carried over for 1, 2, or 3 yr, subsamples of the experimental seed banks were brought back to the laboratory In the spring of each year for 3 yr (see Table 1 ). The seeds were sieved out and tested for viability. First. the seeds were broadcast into trays containing a soilless potting mix and placed in a chamber which simulated autumn germination conditions (20°/ 10°C. 10/ 14 day/night) for 3 mo and scored for germination. Second, seeds that failed to germinate under these conditions were tested for viability using tetrazolium blue stain. This sampling scheme provided 2 yr of estimates of emergence or persistence for 1 yr or emergence after 2 yr and a single year's estimate of persistence for 2 yr and emergence or persistence for a 3rd yr.
Data from the experimental seed banks from each transect and the population overall were used to quantify emergence one. two, or three autumns post seed production, as well as persistence for 1, 2, or 3 yr in the seed bank. Because persistence was quantified using destructive harvesting of the seed banks, comparisons of the survivorship or emergence curves of seeds in the same seed bank are not always possible. These data were summarized in two ways. First, the percent emerging [(number of seedlings) + (original number of seeds)] and the percent persisting [(number of live seeds recovered) + (original number of seeds)] were calculated. Second, conditional probabilities of emergence or persistence were calculated. All "conditional" probabilities are conditional on survival to that point. For example, the conditional probability of persisting for 2 yr was calculated as:
(no. live seeds recovered 2 yr after set up) (original seed #) -(# seedlings 1 st autumn)
-(# seedlings in 2nd autumn) To investigate the extent to which the three transects represented different environments for the seeds in the experimental seed banks. one-way ANOVAs were performed on the data from all years to investigate the effect of transect on the conditional probability of emergence after 1, 2, or 3 yr and the conditional probability of persistence for 1, 2, or 3 yr. Probabilities were arcsine transformed and Type IV sums of squares were used in the analyses. All ANOVAs were performed using the GLM procedure of SAS (1985) .
To determine temporal and spatial variation in the conditional probability of seed persistence or emergence, ANOVAs were performed on the conditional probability of emerging in the first autumn and on the conditional probability of persisting for 1 yr in the experimental seed banks. Transect and year were the random main effects in the model, and the two-way interaction was included. Probabilities were arcsine transformed and Type IV sums of squares were used.
Plant dernography I quantified variation in emergence, establishment. survivorship, and seed production of vegetative individuals in the field population using the same transects described above (The study site). Every 3 m along each transect. a 40 x 40 cm quadrat was marked, for a total of 75 demography quadrats (25 per transect).
The demography of individuals was monitored weekly in the autumns of 1982 and 1983 and springs of 1983 and 1984. Reproduction and seed dispersal added newly produced seeds to the seed bank, therefore, the emerging seedlings represented a range of ages. (Data from the experimental seed banks presented below indicate that seedlings are from 4 mo to 54 mo old.) In all demography quadrats, seedlings emerging within each quadrat in the autumns of 1982 and 1983 were tagged with numbered bands and censused weekly until late November. The number of seedlings emerging and the survivorship per quadrat were quantified from the weekly census data. In the spring of 1983 and 1984. weekly censuses of survivorship and flowering were made. Prior to seed dispersal in 1983, all plants in half of the quadrats were scored for number of flow-ers, fruits. and the number of seeds per fruit by removing the reproductive plants just prior to seed dispersal. The remaining quadrats were censused in 1984. In total, 5550 plants were censused in Year 1 (1982/ 1983) and 6019 plants were censused in Year 2 (1983/ 1984) .
Standard life tables were constructed for plants that emerged from the demography quadrats during 1982-1983 and 1983-1 984 by adapting the basic form used by Pearl and Miner (1935) , Deevey (1947) , Sharitz and McCormick (1 973), Hanzawa et al. ( 1 988), and others. The life cycle was divided into five stages: seeds, seedlings, overwintering plants, flowering plants, and fruiting plants. Seeds in the seed bank were not included.
I chose x = 0 to be the time of seed dispersal in the spring and the units of x to be months. Since actual seed dispersal into the quadrats was not known, I estimated the number of seeds deposited in the springs of 1982 and 1983 using the percent emergence data from the experimental seed banks and the known number of seedlings tagged to solve the equation: (percent emerging)(number of seeds deposited) = (number of seedlings tagged). (Since some of the seedlings in the demography quadrats were from the soil seed bank rather than from newly produced seeds, this calculation may overestimate the true seed rain.) Survival (I,), average monthly mortality ( q , ) ,and average number of seeds (b,) were calculated for each stage interval for each year and transect. R,, the net reproductive rate (the expected number of offspring produced by an individual over its lifetime), can be calculated as average B (l,b,) from these data. Since individual plants were followed from emergence through death, survivorship curves for the plants from the 2 yr and the three transects were compared using MANOVA with the following model: seedling survival + overwinter survival + survival to fruit production = year + transect + (year x transect). The analysis was performed on arcsinetransformed percentages calculated for each quadrat separately. Type IV sums of squares were used in the analysis. The age-specific fecundity schedules were calculated for each year and transect. Differences in fecundity were compared using an ANOVA model of the form: number of seeds = year + transect + (year x transect). The analysis was performed on mean fruit production calculated for each quadrat separately. Type IV sums of squares were used in the analyses.
Natural seed bank
To quantify natural emergence from the soil seed bank, I used the 36 quadrats (12 per transect), sampled in 1982/1983, in which all reproductive plants were removed. New seed input was prevented in two ways. In addition to the removal of all C. verna plants within these quadrats "drift fences" made of 16 cm tall plastic lawn edging were placed around the perimeter of these 36 quadrats to preclude seed dispersal into the soil from surrounding plants. Plants of C. verna within 25 cm of cumulative percent emergence (E) of seedlings from all of the experimental seed banks over 3 yr. Standard errors of the estimates ranged from 1 to 4% and are smaller than the size of the symbol these quadrats were also removed to prevent seed dispersal into these quadrats. Because seeds could not enter the removal quadrats in 1983, all seedlings tagged the following autumn can be used to estimate emergence from the seed bank in this population. Plants emerging from these quadrats are at least 16 mo old and possibly as old as 54 mo.
Months after Seed Production

RESULTS
Seed dernography
On average 16% of the seeds produced in the previous spring remained viable in the experimental soil seed banks for 1 yr, 12% persisted for 2 yr, and 6% for 3 yr. Percent viable seeds ranged from 1 to 33% (n = 25 cages) in the 1st yr, 1 to 48% (n = 9 cages) in the 2nd yr, and 1 to 2 1% (n = 16 cages) in the 3 yr for the population as a whole (see Table 3 for means and standard errors). On average 36% of the seeds emerged in the autumn following their production, 6% emerged two autumns later, and 3% emerged three autumns later (see Table 2 for means and standard errors). In total, 45% of all seeds in this experiment emerged during the 3-yr study and 16% spent at least 1 yr in the seed bank. Seed bank dynamics can be summarized by plotting seed persistence and emergence as a function of time (Fig. 1) . Seeds are lost from the seed bank both by emergence and by unquantified sources of mortality.
The production of an age-structured seed bank was spatially heterogeneous in this population. Seeds in experimental seed banks along the transects differed both in their percent emergence and percent persis- tence, and in the conditional probabilities of these (Tables 2 and 3). The cumulative percent emergence after 3 yr was 73% from Transect 1, 38% from Transect 2, and 49% from Transect 3. Percent persistence of seeds in the experimental seed banks was highest in Transect 1, ranging from 9 to 33% for 1 yr, 2 to 48% for 2 yr, and 1 to 8% for 3 yr. In contrast, persistence was lowest in Transect 3, ranging from 1 to 16% for 1 yr, 1 to 8% for 2 yr, and 1 to 14% for 3 yr. The conditional probabilities also reflect these differences among transects, with Transect 2 intermediate in persistence. Table 4A summarizes the spatial variation in seed bank dynamics and the results of the one-way ANOVAs, which examine the effect of transect on these seed bank parameters. Seeds within transects differed significantly in their conditional probabilities of emerging in the first and third autumn, and these differences were marginally significant ( P < .08) for the second autumn.
Location of seeds in the population significantly affected the conditional probability of persisting in the seed bank for 1 yr, but not for 2 or 3 yr. Seeds in Transect 1 had the highest mean conditional probabilities of emerging or persisting in all 3 yr when compared to seeds in Transects 2 and 3. Significant temporal variation in seed bank dynamics was detected as well. The analysis of variance indicated significant year-to-year variation in the percent emerging in the first autumn after dispersal ( F = 17.9, P < .000 1, df = I), a significant effect of transect ( F = 1 1.95, P < .000 1, df = 2), but no effect of the transect x year interaction (model R2 = 0.49). The conditional probability of new seeds persisting for 1 yr differed 
significantly among transects ( F = 13.8 1, P < ,0002, df = 2), but the year and the interaction term were not significant (model R2 = 0.69).
Plant demography
The percent survival for the vegetative stage of the life cycle (Fig. 2) shows a steep decline in survivorship beginning in mid-April. Overall, 18.9% (Year 1) and 11 .5% (Year 2) of the initial cohort survived to fruit. The life tables for the plants emerging in the transects in the autumns of Year 1 and Year 2 are presented in Tables 5 and 6 , respectively. The results of the MAN-OVA comparing the survivorship curves of the three transects and the 2 yr indicate significant effects of year ( F,,,,, = 17.1, P < .001), transect (F, ,,,, = 5.0 1, P < ,000 I), and transect x year interaction ( F ,,,,, = 10.1 1, P < ,0001). Transect ( F = 27.7, P < .0001), year (F = 665.5, P < .00001), and the interaction term ( F = 13.0, P < .001) had significant effects on the number of seeds produced (R2 model = 0.883). The means of the transition probabilities and fecundities for plants in the three transects and the results of the one-way ANOVAs, which examine transect effects, are given in Table 4B . Transects did not differ in seedling survival probabilities in the autumn, but did differ in their probabilities of survival to flowering and fruiting. Plants in Transect 1 experienced significantly higher probability of mortality than did plants in Transects 2 or 3. Transects also differed significantly in the average number of seeds produced. Plants in Transect 3 had the highest seed production and plants in Transect 1 produced the fewest. There were no significant differences in the den- viduals, 2 = 256.8 (Transect 2), and 3 to 62 individThe differences in survivorship and fecundity mea-uals, 2 = 39.6 (Transect 3). A total of 2053 seedlings sured in the three transects for the 2 yr resulted in emerged from the removal quadrats in Year 2 and 60 19 differences in the net reproductive rates, R,. Since Col-emerged from the natural quadrats in which new seed linsia vPrna flowers for only 1 mo, R, can be read input was not prevented. In Year 2, seedlings first directly from Tables 5 and 6 as the / , b , values for the emerged on 3 October 1983. On average, seeds from fruiting plants. The average R, for Year 1 is 1.6, while the removal quadrats germinated later than seeds from the R , for Year 2 is 0.4. The intrinsic rate of increase the natural quadrats (20 vs. 23 d after first emergence), of the population, r, and the finite rate of increase, A, and the distributions of emergence times for the two can be approximated by using R, and the length of one quadrat types (Fig. 3 ) differed significantly ( x 2= 156.9, generation. Thus, 1 = Z /,b,e~-"can be approximated df = 13, P < .0001). by r = (In R,)IT and X = er. If an annual life cycle is assumed, X for the individual transects ranges from a low of 1.13 to a high of 2.53 in Year 1. In Year 2, A Results from the experimental and natural seed banks for the individual transects ranges from a low of 0.23 indicate that seeds can persist in the soil for at least 3 to a high of 0.42. These estimates differ from those yr in this population of Collinsia verna. Of the seeds which include the seed bank (S. Kalisz, unpublzsh~d produced in the previous spring 16, 12, and 6% remain nzanuscript).
in the soil seed bank for 1, 2, or 3 yr, respectively. The likelihoods of entering into. persisting in, or emerging Natural seed bank from the seed bank were found to be affected by spatial Seedlings emerging from the removal quadrats were and temporal variation in the study site. The largest at least 16 mo old. The numbers of seedlings emerging differences between transects were in the probabilities from the 36 removal quadrats ranged from 2 to 230 of seeds entering into the seed bank during the 1st yr. Averaged over the whole study, only 9 and 12% of the seeds produced were viable for 1 yr in Transects 3 and 2, respectively, but nearly 24% in Transect 1 remained viable in the seed bank for 1 yr. These data suggest that some locations in the study site support longer term seed persistence than others. The data on seed bank dynamics (Tables 2 and 3) for the three transects suggest that the seed bank is spatially patchy and that individual plants exist in a mosaic of patches of differing age structure. The factors that contribute to seed bank development in particular locations and not in others were not addressed in this study. Significant spatial variation in seed bank dynamics (Table 4) must be related to differences in habitat among the transects, since genotypes used in the experimental seed banks were a combined random sample of all three transects. Temporal variation in seed bank dynamics was seen primarily as variation between years in the probability of emergence (Table 2 ). It appears that variation in the general autumn weather conditions between years determines the fraction that emerge, while conditions specific to the site, such as soil type, aspect, and biotic interactions of the seed with its surroundings, will determine survival and persistence of dormant seeds. Cohen's models (1 966, 1967) predict that environments with unpredictable disturbance regimes should select for the development of a seed bank. During the period of this study, two floods occurred in the study population, one in late November of 1982 and one in April of 1984. Flooding was most severe in Transect 1, but very little of Transect 3 was flooded at either time, due to its higher elevation. This spatial pattern of flooding is likely to be an historical one. Transect 1 was the most disturbed transect, and seeds along this transect exhibited highest persistence rates. Cohen's produced by plants from Transect 1 would be more likely to enter the dormant seed population than those from Transect 3. However, the extent to which such localized evolution of dormancy could occur would be a complex function of the historical pattern of disturbance in the field site, other forces of natural selection, and the gene flow distance (pollen and seed) as they relate to the mating structure of the population.
Several studies have documented the decline in seed numbers within a season or in the fraction germinating after 1 yr (e.g., Sarukhan 1974 , Leverich and Levin 1979 , Kelly 1989 . Examinations of variation in dormancy, persistence, or seed bank age structure are rare Averaged over the whole study, only 9 and 12% of the seeds produced were viable for 1 yr in Transects 3 and 2, respectively, but nearly 24% in Transect 1 remained viable in the seed bank for 1 yr. These data suggest that some locations in the study site support longer term seed persistence than others. The data on seed bank dynamics (Tables 2 and 3) for the three transects suggest that the seed bank is spatially patchy and that individual plants exist in a mosaic of patches of differing age structure. The factors that contribute to seed bank development in particular locations and not in others were not addressed in this study. Significant spatial variation in seed bank dynamics (Table 4) must be related to differences in habitat among the transects, since genotypes used in the experimental seed banks were a combined random sample of all three transects. Temporal variation in seed bank dynamics was seen primarily as variation between years in the probability of emergence (Table 2 ). It appears that variation in the general autumn weather conditions between years determines the fraction that emerge, while conditions specific to the site, such as soil type, aspect, and biotic interactions of the seed with its surroundings, will determine survival and persistence of dormant seeds. Cohen's models (1 966, 1967) predict that environments with unpredictable disturbance regimes should select for the development of a seed bank. During the period of this study, two floods occurred in the study population, one in late November of 1982 and one in April of 1984. Flooding was most severe in Transect 1, but very little of Transect 3 was flooded at either time, due to its higher elevation. This spatial pattern of flooding is likely to be an historical one. Transect 1 was the most disturbed transect, and seeds along this transect exhibited highest persistence rates. Cohen's produced by plants from Transect 1 would be more likely to enter the dormant seed population than those from Transect 3. However, the extent to which such localized evolution of dormancy could occur would be a complex function of the historical pattern of disturbance in the field site, other forces of natural selection, and the gene flow distance (pollen and seed) as they relate to the mating structure of the population.
Several studies have documented the decline in seed numbers within a season or in the fraction germinating after 1 yr (e.g., Sarukhan 1974 , Leverich and Levin 1979 , Kelly 1989 . Examinations of variation in dormancy, persistence, or seed bank age structure are rare f I, = probability of surviving to the beginning of interval I . in the population ecology literature. An exception to nuals (Sharitz and McCormick 1973, Watkinson and this is the study of temporal variation in seed persis -Harper 1978, Leverich and . Plants in tence in Floerkia proserpinacoides noted by Smith Transect 1 had the lowest survival probabilities and (1983) . In contrast to the results of the present study, fecundities over both years, while Transect 3 had the Smith found that a consistently low fraction of seeds highest. The probability of survival to fruit production persisted without germinating. He found that 12% in in Transects 2 and 3 was twice that of Transect 1 (Table  year I , 5% in year 2, and 1% in year 3 persisted for 1 4B). Seed production was 38% greater in Transect 3 yr. Smith concluded that the low, absolute differences than in Transect 1. In Year 1, conditions in the field among years in the seeds that remain dormant implied site were favorable to plant growth and reproduction.
that dormancy was ecologically unimportant for Floer-Estimates of population growth rates for C. verna growkia. His general result was that well over 90% of all ing along the transects ranged from l . 13 to 2.53. The seeds tested germinated in the first season after their population of plants along Transect 3 had a growth rate production. That high percent emergence contrasts with 55 and 30% greater than the populations along Tranthe 36 i 2.1% (2i SE) emerging after 1 yr found in sects 2 and 1, respectively. In Year 2, a poor year for this study. Since Floerkia co-occurs in eastern flood plant growth and survival, h ranged from 0.23 to 0.43. plain forests with C. verna, causes of the differences in The population along Transect 3 again fared the best. the seed bank age structure between Floerkia and Col-While plant dynamics differed significantly between linsia are unclear. The lack of a seed bank may be due years, it appears that some areas in the study site may to differences in the timing and cueing of germination contribute disproportionately to the overall population (Baskin and Baskin 1983, Smith 1983) , in habitat seg-dynamics by serving as areas of population stability. regation of the two species, or in the frequency of disturbance at the two study sites.
Natural seed banks
Fitness advantages of seed banks for the individual
Plant dynamics
or the population are assumed in most models of the The percent survival over time for plants (Fig. 2) for evolution of seed banks. Habitat disturbance in general the population overall is similar to other winter an-has been shown to increase individual plant fitness by t lV, = number of individuals surviving to beginning of month s.
* 1, = probability of surviving to the beginning of interval s. reducing the number of competitors and increasing were present in young cones, but were absent from light availability (e.g., Goldberg 1987) . Disturbances older cones. These results are interpreted by the auare often required to cue germination from the seed thors to reflect the culling of inbred seeds from the bank. The fitness advantage to seedlings emerging from population through time. The extent to which this the seed banks may derive from the fact that they emerge mechanism could be operating in general in seed banks into an open, less competitive environment for seed-is unknown. In the present study, seedlings derived ling establishment. Collinsia verna seedling densities from the seed bank (removal quadrats) emerged sigwithin the removal quadrats were significantly lower nificantly later than those in the natural quadrats ( Fig. than the natural quadrats. However, survival proba-3). Kalisz (1989) reports, in a study investigating the bilities did not differ between the two quadrat types. effects of selfing and outcrossing in C. verna raised Therefore, density is not the only factor affecting fitness under controlled conditions, that selfed seeds emerged in this population.
significantly later than outcrossed seeds. In that same Another significant aspect of seed banks is their role study it was found that seeds produced by outcrossing in the genetic dynamics of population. The seed bank had significantly higher emergence percentages than can be envisioned as containing many genotypes (sensu did seeds produced by selfing. These data, in conjunc- Templeton and Levin 1979) , with a fitness associated tion with the field data on emergence suggest that seed with each genotype. One can speculate that time spent banks may contain different genotypes from those found dormant in the seed bank could act to cull out the in the standing crop. S. J. Tonsor et al. (unpublished inferior genotypes if these inferior genotypes are more manuscript) found a significantly higher proportion of likely to senesce and die in the seed bank without ger-homozygous individuals in the seed bank population minating. Those seed genotypes that do emerge have than in either the seedling or adult populations of Planhigher fitnesses associated with them. A related idea tago lanceolata. These studies suggest that the genetic was investigated by Cheliak et al. (1985) using Pinus dynamics of seed banks may have consequences for banksiana, a species that has long-lived, serotinous population-level fitness, the genetic structure, and decones. An electrophoretic analysis of the seeds in cones mography of plants. The habitats within the C. verna of various ages indicated that homozygous genotypes population may be acting as selective sieves, selecting
Emergence Cohort
FIG.3. Distribution ofemergence times for natural quadrats and removal quadrats. Seedlings in the removal quadrats emerged significant11 later than did seedlings in the natural quadrats. Seedlings were censused and tagged weekly. Plants tagged in each census were assigned to the same emergence cohort. Dark bars indicate percent seedling emergence from natural quadrats (emerging from new seeds and dormant seeds). Llght bars indicate percent seedling emergence from removal quadrats (emerging from seeds 2 I yr in the seed bank).
for different suites of characters in the different habitats, which could maintain this variation. S. Kalisz (unpublished data) found that field-collected maternal sibships differed significantly in their probabilities of remaining in the seed bank and their date of emergence. Studies are presently underway to examine spatial variation in these probabilities as well.
Demographic implications
The seed bank in Transect 1 was characterized by higher average persistence, higher average emergence, and therefore lowest seed mortality when compared to the other two transects. However, Transect 1 had the lowest average plant survival and the lowest average seed production. Thus, conditions for seed survival. but not plant survival. were good in Transect 1. Transect 2 was characterized by intermediate levels of all seed and plant survival probabilities and seed production by plants. Transect 3 appeared to be a good environment for seed germination. plant survival, and seed production, but persistence was lowest in this transect. In part, the among-transect variation in plant survivorship and fecundity may have been due to variation in plant densities, both conspecifics and others. Transects 1 and 2 had greater average numbers of conspecifics within their quadrats (mean plants per quadrat = 119 and 145, respectively) than did Transect 3 KALISZ Ecology. Vol. 72, No. 2 (mean plants per quadrat = 69). Howeker, these differences are not statisticall) significant. The variation in demographic parameters estimated between years indicates that this population experiences dramatic differences in growth rates. In Year 1. the population had a high growth rate while in Year 2, the population was not replacing itself. These yearto-year fluctuations in the quality of the environment suggest that the seed bank may indeed function to numerically restore the population at this site. This temporal variation in the qualit) of the year for plant growth and survival coupled with an unpredictable disturbance regime of flooding are likely to select for the maintenance of a dormant seed population at this site.
It is clear from this study that both the age structure of the seed bank and plant populations can be quantified. The dynamics of the seed bank and plant populations are a function of both the temporal and spatial variation in the study site. The age structure that results from the presence of a seed bank has the potential to influence the population growth parameters. However. precise estimates of population demographic parameters for age-structured populations with seed banks cannot be made using standard analyses alone, since there is no direct way to link the persistence data from the seed bank to the vegetative plant life table. More accurate estimates can be obtained with a stage/agestructured matrix model that incorporates both seed and plant data. In a companion paper (S. Kalisz. unpublished manuscript) , I present the results of a matrix model analysis of population dynamics for Collinsia verna with a seed bank in which a resampling technique is used to maximize the information on variance in the probabilities and fecundities.
